After entering the oocyte and before the formation of the diploid zygote, the sperm nucleus is transformed into a male pronucleus, a process that involves a series of conserved steps in sexually reproducing animals. Notably, a major modification of the male gamete lies in the decondensation of the highly compact sperm chromatin. We present here the phenotype of sé same (ssm), a maternal effect mutation which affects the formation of the male pronucleus in Drosophila melanogaster. Homozygous ssm 185b females produce haploid embryos which develop with only the maternally derived chromosomes. These haploid embryos die at the end of embryogenesis. Cytological analyses of the fertilization in eggs laid by ssm 185b mutant females showed that both pronuclear migration and pronuclear apposition occurred normally. However, a dramatic alteration of the male pronucleus by which its chromatin failed to fully decondense was systematically observed. Consequently, the affected male pronucleus does not enter the first mitotic spindle, which is organized around only the maternally derived chromosomes. Immunodetection of lamina antigens indicates that a male pronuclear envelope is able to form around the partially decondensed paternal chromatin. This suggests that the maternally provided sé same ؉ function is required for a late stage of sperm chromatin remodeling.
INTRODUCTION
All sexually reproducing species produce diploid zygotes through the association of the male and female gametes at fertilization. A major characteristic of the sperm nucleus lies in its highly condensed chromatin, which is refractory to DNA replication, transcriptional activity, and mitotic division. The sperm nucleus is transformed within the oocyte cytoplasm into a functional male pronucleus before the formation of the zygote (see Collas, 1996, and Wright, 1999 , for recent reviews). The process of male pronucleus formation is crucial in determining the participation of the paternal chromosomes in the formation of the diploid zygote.
In vivo and in vitro studies of male pronucleus formation in various organisms such as sea urchin, surf clam, or Xenopus, allowed the characterization of the key steps of this process: (1) the sperm nuclear envelope breakdown, (2) the decondensation of the highly compact sperm chromatin and the exchange of sperm-specific protamines or histones for maternally provided histones, (3) the formation of the pronuclear envelope containing nuclear pores and a lamina, and (4) a second stage of nuclear envelope-dependent chromatin decondensation followed by DNA replication (see Collas, 1996, 1997; Wright, 1999 ; for reviews; also see Cameron and Poccia, 1994; Collas and Poccia, 1995; Cothren and Poccia, 1993; Longo et al., 1994; Yamashita et al., 1990) . Thus, the transformation of the sperm nucleus into a male pronucleus involves many fundamental cellular mechanisms such as nuclear envelope dynamics, chromosomal proteins exchange, chromatin reorganization, or cell cycle regulation.
In Drosophila melanogaster, fertilization occurs in the female genital tract a few minutes before egg deposition, and the formation of the male pronucleus is very rapid, making the study of these processes difficult (Sonnenblick, 1950; Liu et al., 1997) . However, a genetic approach to studying the paternal contribution to male pronucleus formation has recently led to the isolation of male sterile mutations whose effects are detected after sperm entry into the egg . For example, the sneaky mutation affects the sperm activation in the egg by presumably preventing the loss of the sperm plasma membrane . The paternal effect mutation ms(3)K81 (K81) affects the participation of the paternal complement in the developing embryo (Fuyama, 1984; Yasuda et al., 1995) . The sperm-derived chromatin is not able to divide properly in eggs produced from a cross involving a homozygous K81 male. This leads to the aneuploid development and early lethality of a large majority of embryos. However, about 5% of the eggs develop as haploid gynogenetic embryos (i.e., they develop with only the maternally derived chromosomes) and die before hatching (Yasuda et al., 1995) . It is proposed that the K81 ϩ gene product could be involved in the regulation of sperm chromatin remodeling.
Several Drosophila maternal effect mutations are also known to affect pronuclei and their involvement in the first zygotic division. For example, KLP3A, a mutation in a gene coding for a kinesin-like protein, affects the migration of the female pronucleus (Williams et al., 1997) . In the mutant fs(1)Ya, the pronuclei do not to enter the first mitotic cycle in a majority of fertilized eggs (Lin and Wolfner, 1991) . Also, the repression of DNA replication before fertilization is controlled by the genes giant nuclei, pan gu, and plutonium and their respective maternal effect mutations are associated with the production of giant nuclei and with early developmental arrest (Freeman et al., 1986; Freeman and Glover, 1987; Shamanski and Orr-Weaver, 1991) .
The only characterized maternal effect mutation that specifically impedes the participation of the paternal complement to the developing embryo is fs(1)1182, also called maternal haploid (mh) (Gans et al., 1975; Zalokar et al., 1975; Santamaria and Gans, 1980; Santamaria, 1983; Edgar et al., 1986) . maternal haploid is a recessive, maternal effect embryonic lethal mutation, and mutant females produce a fraction of haploid gynogenetic embryos. This mutation is considered to affect pronuclear migration but the role of the mh ϩ gene product in the formation of the male pronucleus is not fully understood (Edgar et al., 1986) . A few other maternal effect mutations producing haploid embryos were recovered in screens for fs(1) mutations but were not studied further (Gans et al., 1975; Zalokar et al., 1975) .
Here, we present the phenotypic characterization of a new maternal effect lethal mutation we called sé same (ssm), for sperm escaping syngamy, a maternal effect. Homozygous mutant females produce a large majority of gynogenetically developing haploid embryos. The exclusion of paternal chromosomes in these embryos results from an arrest of male pronucleus formation induced by the sé same mutation. Cytological analyses showed that in fertilized eggs from mutant females, the male pronucleus, whose chromatin is only partially decondensed, is not able to enter the first mitotic division of the zygote. The phenotype of the sé same mutation strongly suggests that the ssm ϩ gene product plays a key role in the last step of sperm chromatin decondensation.
MATERIALS AND METHODS

Drosophila Strains
All strains were raised at 25°C on standard media. The fs(1)185b mutation was originally obtained in a screen to recover potential trans-regulators of the I factor (Tatout et al., 1994) . The strain used for mutagenesis contained the K160 transgene (Tatout et al., 1994) , which was localized in the 7E region on the X chromosome. The transgene is still present in the ssm 185b /FM7c strain (not shown) but it is not associated with any reduced fertility in homozygous K160 females (see Table 1 ) and thus does not interfere with the analysis of the sé same phenotype. The wild-type strain used in this work was collected in Saint-Cyprien (France) and was a gift from C. Bié mont. The stocks containing the KLP3A 1611 mutation and the ms(3)K81 2 mutation were kindly provided by B. C. Williams and B. T. Wakimoto, respectively. The dj-GFP stock (Santel et al., 1997) was a gift from A. Santel. The other stocks used in this work were generously provided by the Bloomington and the Umea stock centers.
Fertility Tests and Cuticle Preparations
Virgin females of different genotypes were aged for 4 days at 25°C in the presence of males and were then allowed to lay eggs on regular medium for 15-20 h. Embryos were counted twice and then let develop for at least 36 h at 25°C in order to complete their development. Unhatched embryos were counted twice to determine hatching rates. For cuticle preparations, embryos were aged and collected in the same way. After dechorionation and devitellinization (see next section), embryos were mounted in Hoyer's medium (Van Der Meer, 1977) onto slides that were incubated overnight at 60°C before observation.
Cytological Analysis of Embryonic Phenotypes
Eggs or early embryos were collected 15-60 min after egg deposition and were stored at 4°C for up to 2 h before fixation procedure. Egg collection, fixation, and immunostaining were essentially done as previously described (Williams et al., 1997) . Embryos were collected on yeasted plates, rinsed in washing buffer (0.4% NaCl, 0.2% Triton X-100) and dechorionated in 4% bleach for 5 min. After three rinses in water and blotting onto paper towel, they were transferred to a 1:1 heptane:methanol mixture and shaken for 20 s. Fixed, devitellinized embryos sank to the bottom of the methanol layer. Embryos were washed three times with methanol and stored in methanol at Ϫ20°C until use. Embryos were washed 5 min in Ϫ20°C acetone and then three times (10 min each) in TBST (50 mM Tris-HCl, pH 7.4, 50 mM NaCl, 0.02% sodium azide, 0.1% Triton X-100). They were then incubated with primary antibodies in TBST overnight at 4°C and washed three times (5 min each) in TBST, before being stained for 10 min with DAPI (1 g/ml in TBST) and rinsed. Embryos were finally incubated 3 h at room temperature with a 1:200 dilution of Rhodol green-conjugated goat anti-mouse IgG antibodies or FITCconjugated goat anti-rabbit IgG antibodies (Molecular Probes) and were washed three times (20 min each) in TBST. They were then mounted in TBST for examination. Alternatively, embryos were incubated for 1 h in a 2 mg/ml RNase A solution at 37°C, rinsed with PBS-Triton 0.1%, and incubated 30 min in 5 g/ml propidium iodide (PI) at room temperature. Embryos were washed in PBSTriton 0.1% for 20 min and mounted in the same solution. Coverslips were sealed with nail polish before examination Monoclonal anti-␤-tubulin antibodies (Roche) were used at a 1:20 dilution (2.5 g/ml); anti-Ya polyclonal antibodies, kindly provided by Mariana Wolfner, were used at a 1:25 dilution. Monoclonal antibodies ADL 67, directed against Drosophila lamin Dm 0 , kindly provided by Paul Fisher, were used at a 1:1 dilution. For conventional microscopy, embryos were observed using a fluorescence Axioskop microscope (Zeiss).
The measures of the respective diameters of the male and female pronuclei were made on confocal images of PI-stained ssm 185b eggs. Optical sections passing through the approximate center of each pronucleus (roughly considered to be a sphere) were obtained and the diameters were determined using the LSM 510 software (see next section).
Confocal Microscopy
Optical sections were made using a confocal laser scanning microscope (LSM 510, Zeiss). PI fluorescence was monitored using the He-Ne laser 543-nm excitation line and a long-pass 585-nm filter. Rhodol green fluorescence was monitored using the argon laser 488-nm excitation line and a band-pass 510-to 530-nm filter. Dichroic mirrors (488/543 and 543 nm) were used when PI and Rhodol green signals were monitored simultaneously. This was achieved by using two independent photomultipliers. A line per line simultaneous image acquisition procedure was made possible by an acoustico-optical filter controlling the switch between laser excitation lines. Z series of optical sections were obtained in some cases and were projected along the z axis to obtain a general view of the specimen. Images were further processed using PhotoShop 5.0.2 (Adobe).
RESULTS
The sé same Mutation and Its Chromosomal Localization
The sé same 185b (ssm 185b ) mutation was originally recovered from an EMS mutagenesis as a X-linked female sterile mutation called fs(1)185b (Tatout et al., 1994) . Homozygous ssm 185b females and hemizygous ssm 185b males present a normal viability (not shown) but homozygous females lay eggs that do not hatch, whatever male genotype was used in the cross (Table1). ssm 185b males are normally fertile. Thus, ssm 185b is a strict maternal effect lethal mutation. Its localization was deduced from a complementation analysis with three deficiencies from the cut locus. ssm 185b failed to complement Df(1)ct-J4 (7A2-3; 7C1) and Df(1)ct4b1 (7B2-4; 7C3) but complemented Df(1)ct268-42 (7A5-6, 7B8 -C1; cytological localizations of the deficiency breakpoints are from Lindsley and Zimm, 1992) . About 40% of the eggs laid by heterozygous ssm 185b /Df(1)ct268-42 females hatched. Given the fact that the hatching rate obtained with ϩ/Df(1)ct268-42 females (46%) is similar to this value, the complementation between ssm 185b and Df (1)ct268-42 appears complete (Table 1) . Thus, the ssm gene is located between the two proximal breakpoints of these deficiencies, in the 7B8 -7C1 region. The deficiency Df (1) refers to the maternal effect of the mutation and not to the actual genotype of the eggs/embryos.
ssm 185b Females Produce Haploid, Gynogenetic Embryos
Most ssm 185b embryos complete organogenesis and form a cuticle (see next section), but they do not hatch (Table1). The observation that ssm 185b embryos did not express various paternally transmitted embryonic reporter transgenes stimulated us to investigate their chromosomal content. The ploidy of ssm 185b embryos was determined by counting chromosomes at metaphase. All scored ssm 185b embryos were found haploid (Fig. 1 ).
These observations suggested that the paternal stock of chromosomes was excluded from the mutant embryos. To further verify that all late stage ssm 185b embryos expressed only maternal genes, y 1 ssm 185b homozygous females were crossed with ϩ/Dp(1,Y)y ϩ B S males whose X and Y chromosomes both bear a wild-type copy of the yellow gene. All the embryos with a cuticle obtained from this cross (n ϭ 163) showed the yellow phenotype based on their denticle color (not shown). We concluded that the homozygous ssm 185b females produce gynogenetic haploid embryos, whereby eggs are fertilized but develop only with the maternal complement. 
Late Developmental Defects of ssm 185b Embryos
The embryonic development of ssm 185b embryos was followed and a high incidence of late specific defects was observed. Females of different genotypes were crossed with wild-type males. To score their ability to reach the blastoderm/gastrula stages, embryos were allowed to develop for 3-5 h before fixation and DAPI staining. Table 2 shows that most ssm 185b embryos reach the cellular blastoderm stage. About 8 and 4% of ssm 185b embryos and control embryos, respectively, were arrested earlier, after a few rounds of nuclear divisions (Table 2) . To determine the proportion of embryos reaching late embryogenesis, embryos were allowed to develop for at least 36 h at 25°C and were prepared for cuticle analysis. We observed that more than 70% of ssm 185b embryos differentiated a cuticle. Analysis of these cuticles revealed that the main developmental defect associated with the lethality of ssm 185b embryos was an abnormal dorsal epidermis formation, reminiscent of the phenotype of mutations affecting the dorsal closure process (Noselli, 1998) . This phenotype was most often accompanied by various defects in the cephalopharyngeal apparatus. Remarkably, about 25% of ssm 185b cuticles have apparently no major defects, except for a slight curved shape (Fig. 2) .
Comparative analysis of the maternal effect phenotype of ssm 185b /ssm 185b homozygotes and ssm 185b /Df(1)ct4b1 hemizygotes showed that both types of females produced haploid gynogenetic embryos which reached late embryonic development in similar proportions and displayed identical cuticular phenotype (not shown). We can draw three conclusions from these results: (1) ssm 185b is probably a loss-offunction mutation or, at least, a strong allele of the ssm gene. (2) The occurrence of another maternal effect mutation contributing to the ssm 185b phenotype is highly improbable since it would be also located within the relatively small genomic region deleted by Df(1)ct4b1. (3) Zygotic lethality associated with the deficiency (deficient males and homozygous females are not viable) must affect a later developmental stage since haploid embryos which receive a Df(1)ct4b1 X chromosome are able to develop to late embryogenesis.
The ssm 185b Mutation Affects the Formation of the Male Pronucleus
The suspected exclusion of the paternal stock of chromosomes in the developing ssm 185b embryos was tested by studying the cellular events associated with fertilization. We first verified the normal occurrence of female meiosis in ssm 185b females. In Drosophila oocytes, meiosis is arrested at metaphase I until egg ovulation. During their transit throughout the oviduct, eggs are reactivated independent of fertilization, and meiosis resumes (King, 1970) . We observed that unfertilized ssm 185b eggs contain the four meiotic products, eventually fused in a single tetraploid polar body with an apparent wild-type aspect (Figs. 3A-3C ).
The occurrence of fertilization in ssm 185b eggs was shown by the presence of the sperm tail which, in Drosophila, is completely incorporated into the female gamete. Transgenic males expressing a fusion protein between GFP (green fluorescent protein) and the sperm tail protein Don Juan (Santel et al., 1997) were crossed with homozygous ssm 185b females. GFP-specific fluorescence associated with the sperm tail was detected in 98.9% of the eggs (n ϭ 354), showing that ssm 185b eggs are fertilized as efficiently as wild-type eggs (98.7%; n ϭ 232) (Fig. 3F) .
Shortly after sperm penetration into the egg, the sperm plasma membrane is lost and a centrosome is organized presumably from the sperm basal body (Riparbelli et al., 1997) . Before completion of female meiosis, the sperm centrosome duplicates and forms a large aster by recruiting maternally provided tubulin. The most centrally located meiotic product, the only one that migrates inside the egg, is identified as the female pronucleus. It associates with the sperm aster and rapidly migrates toward the male pronucleus where the first mitotic division occurs. The fate of the female and male pronuclei was analyzed after DAPI staining in wild-type and ssm 185b eggs. Figure 3D shows a wild-type egg with the two apposed pronuclei. The decon- densed male and female pronuclei are not distinguishable from one another. In ssm 185b fertilized eggs, a sperm aster is formed and pronuclear apposition is achieved (Figs. 3E and  3F ). However, one of the two apposed pronuclei is smaller than the other and stains brightly with DAPI, suggesting that its chromatin is abnormally condensed (Fig. 3E) . This was observed in all the ssm 185b eggs (n ϭ 31) or the eggs laid by ssm 185b /Df(1)ct4b1 females (n ϭ 15), but not in the control eggs from ssm 185b /FM7c females (n ϭ 28). Given the haploid gynogenetic development of the ssm 185b embryos, we hypothesized the condensed pronucleus in ssm 185b eggs to be the male pronucleus. This was further demonstrated by taking advantage of the recessive maternal effect mutation KLP3A (Williams et al., 1997) which affects the migration of the female pronucleus toward the male pronucleus. In the majority of eggs laid by homozygous KLP3A 1611 mutant females, the male pronucleus is the only one found in the center of the egg and can thus be easily identified (Williams et al., 1997) . The development of such eggs is arrested before the first mitotic division and the first mitotic spindle is formed around the haploid male nucleus which is typically blocked in metaphase (Williams et al., 1997) . In the eggs laid by homozygous double-mutant KLP3A 1611 ssm 185b females, we observed that the single centrally located nucleus had an abnormally condensed chromatin (see Fig. 5F ), clearly indicating that the abnormal pronucleus in ssm 185b eggs is the male-derived nucleus. We measured the respective diameters of both pronuclei in ssm 185b eggs at the pronuclear apposition stage, when the female pronucleus is in interphase. We found that the female pronucleus had a diameter of 11.46 Ϯ 1.69 m, whereas the male pronucleus diameter was only 3.12 Ϯ 0.45 m (n ϭ 10). We concluded that the maternal effect of the ssm 185b mutation specifically prevents normal male pronucleus decondensation.
The Male Pronucleus Is Unable to Divide in ssm 185b
Eggs
In Drosophila, the apposed pronuclei enter the first mitotic division without mixing their respective chromosomes. At metaphase of the first division in a wild-type egg, each haploid set of chromosomes occupies one half of a bipartite mitotic spindle called the gonomeric spindle (Callaini and Riparbelli, 1996) . The organization that prevails for cycle 1 ssm 185b embryos is illustrated in Figs. 4D and 4F. As expected, the female pronucleus entered mitosis and condensed into well-separated chromosomes. The male pronucleus retained an abnormal shape and the chromosome arms could not be distinguished. The first spindle formed around maternal chromosomes had a normal appearance with astral microtubules present at both poles. Remarkably, the paternal chromatin was excluded from the spindle that organized the maternal chromosomes. During the next syncytial divisions, the male pronucleus in ssm 185b eggs remained in the same inert state and was usually found in close vicinity of one of the haploid cleavage nuclei in the anterior third of the embryo, where the first division took place (not shown). In rare cases (Ͻ5%) of cycle 1 ssm 185b embryos, a chromatin bridge formed between the two daughter nuclei at late anaphase, which eventually broke at telophase (Figs. 4G-4I ). As no other nuclei-with the exception of the polar bodies-were seen in these eggs, we inferred that the male pronucleus can sometimes enter an abnormal first mitotic division.
We also observed a fraction of ssm 185b eggs with the male pronucleus associated with an additional aster of microtubules (Figs. 5A-5C ). Indeed, additional asters were occasionally observed in ssm 185b or wild-type eggs (not shown). Free replicating centrosomes are frequent in eggs laid by KLP3A mutant females (Williams et al., 1997) . This situation allowed us to observe frequent microtubule/male pronucleus associations in KLP3A 1611 ssm 185b eggs (Figs. 5D-5F ). In such cases, the male stock often displayed an elongated protrusion of chromatin extending toward the aster. These stretches of chromatin were surrounded by long microtubules nucleating from the free aster, sometimes forming a hemispindle (Fig. 5A ). In conclusion, the abnormally condensed male chromatin in ssm 185b or
KLP3A
1611 ssm 185b eggs is capable of associating with astral microtubules. As the male pronucleus is not able to form mitotic chromosomes, its chromatin is likely torn apart by the pulling forces of the microtubules.
Formation of the Male Pronuclear Envelope in ssm 185b Eggs
Shortly after fertilization, the sperm plasma membrane breaks down and the sperm nucleus decondensation starts (Foe et al., 1993) . The plasma membrane is not lost in the sperm produced by males mutant for the paternal effect mutation sneaky (snky) . Long after its entry into the egg, the sneaky sperm nucleus stays at the periphery of the egg and retains a needle shape. Furthermore, no centrosome forms and no development is observed . In the case of fertilized ssm 185b eggs, we assume that sperm plasma membrane degradation occurs because the sperm nucleus is able to partially decondense and to provide a MTOC (microtubule organizing center) for the formation of the sperm aster (Figs.  3E and 3F) .
The mature sperm chromatin is wrapped into a nonfenestrated nuclear envelope which is lost rapidly after the sperm entry into the egg (Lindsley and Tokuyasu, 1980) . A novel nuclear envelope-the pronuclear envelope-is then formed around the sperm nucleus before the migration of the female pronucleus (Liu et al., 1997 , and our own observations). To assess the ability of ssm 185b eggs to achieve this step, we labeled them with antibodies directed against two nuclear lamina antigens, the lamin Dm 0 (Smith and Fisher, 1989 ) and the Ya protein (Lin and Wolfner, 1991) . In wild-type, lamin Dm 0 and Ya are detected around the male pronucleus and the four female meiotic products (Figs. 6A and 6D; Liu et al., 1997) but not in mature sperm 
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Loppin et al. (Liu et al., 1997; M. Wolfner, personal communication) . Any staining of the male pronucleus with these antibodies would then argue for a de novo formation of a pronuclear envelope. The sperm-derived nucleus in ssm 185b eggs observed at pronuclear apposition stains with both antibodies (Figs. 6B and 6E and results not shown) although the intensity of the labeling is frequently weaker than the staining of the female pronucleus. We concluded that the aberrant behavior of the male pronucleus in ssm 185b eggs is not caused by an inability to form a pronuclear envelope. At the telophase of the first mitotic division in ssm 185b embryos, when the haploid daughter nuclei reform an easily detectable nuclear envelope, the male pronucleus barely stains with these antibodies (Figs. 6C and 6F) . We interpreted this observation as an arrest of the male nuclear division cycle after pronuclear envelope breakdown.
sé same Is Epistatic to the Paternal Effect Mutation ms(3)K81
ms(3)K81 is a paternal effect mutation affecting the participation of the paternal complement in the formation of the zygote (Fuyama, 1984; Yasuda et al., 1995) . We crossed homozygous ssm 185b females with males homozygous for a loss-of-function K81 allele, K81 2 (Yasuda et al., 1995) and looked for an epistatic relationship between the two mutations. The progeny of this cross had a clear ssm phenotype as most cycle 1 embryos (94%, n ϭ 34) contained a rounded sperm-derived nucleus excluded from the first mitotic spindle (Figs. 7D-7F ). In comparison, this phenotype was never observed in the progeny of the control cross between ssm 185b /FM7c; ϩ/ϩ females and ϩ/Y; K81 2 / K81 2 males (n ϭ 32). These control embryos had a K81 phenotype (Yasuda et al., 1995) with the male nucleus 1611 ssm 185b embryo with the same stainings. The KLP3A 1611 mutation prevents the female pronucleus migration and the male pronucleus is the only one found in the center of the egg (m in F). This embryo contains four large free asters of microtubules (plus one aster associated with the polar body), two of which are shown (E). Some microtubules of the upper aster are particularly extended (arrowhead in E) and associated with the paternal chromatin (D). The male nucleus is deformed by its association with astral microtubules (insets in C and F). All views are a projection of several confocal sections. Bar represents 20 m for all.
included in the first spindle but unable to divide properly (Figs. 7A-7C ). We concluded that ssm is epistatic to K81. This result clearly demonstrates that the ssm mutation arrests male pronuclear formation before the stage of K81 phenotype expression.
DISCUSSION
The ssm 185b Mutation Induces a Strict Maternal Effect Embryonic Lethality
In this report, we present the phenotype of the maternal effect lethal mutation sé same. The mutant allele of the sé same gene, ssm 185b , is an EMS-induced mutation located between the two proximal breakpoints of Df(1)ct268-42 and Df(1)ct-J4 in the 7B8 -7C1 polytene region of the X chromosome. The sterility of homozygous females is the only phenotype we detected for the ssm 185b mutation. Adult ssm 185b males and heterozygous females are viable and fully fertile. The sterility of homozygous females cannot be rescued when crossed with wild-type males, thus ssm 185b is a strict maternal effect mutation. The mutant females lay a normal amount of eggs with no apparent defects. The eggs are fertilized and support embryonic development. However, no hatching is observed. We showed that ssm 185b behaves like a loss-of-function mutation since the ssm phenotype is not modified by replacing one ssm 185b X chromosome by a Df(1)ct4b1 chromosome in the females.
One of the most striking features associated with the ssm 185b phenotype is the production of a very high rate of haploid embryos by mutant females. By using both embryonic reporter transgenes or by analyzing the yellow phenotype of cuticles, we demonstrated that ssm 185b embryos develop only with the maternally derived chromosomes. Homozygous or hemizygous ssm 185b females produce between 70 and 80% of haploid gynogenetic embryos which complete embryogenesis. These values are much higher than those reported in crosses involving either ms(3)K81 males (5-9%; Yasuda et al.,1995) or maternal haploid females (less than 25%, our own observations), the two other mutants known to produce haploid gynogenetic embryos.
Cuticles from haploid ssm 185b embryos present phenotypic variations. The dorsal closure is affected in a majority of embryos which present a dorsal hole varying greatly in size. Head defects which occur in ssm 185b embryos were also reported for K81 (Edgar et al., 1986; Fuyama, 1984) and mh haploid embryos (Santamaria, 1983) . Finally, both K81 and ssm 185b mutations induce the production of a fraction of haploid embryos of wild-type morphology (Fuyama, 1984, and this work) .
Taken together, these observations show that the late phenotype of ssm 185b embryos reported here is similar to that described for other haploid embryos. Thus, we concluded that the haploidy of ssm 185b embryos is sufficient to explain their late lethal phenotype in every aspect studied here.
Male Pronucleus Formation in the ssm Mutant Context
We showed that ssm 185b females produce eggs which are reactivated and fertilized as in wild-type. Immediately after its entry into the egg, the sperm loses its plasma membrane, which allows the sperm basal body to be delivered within the egg cytoplasm. The basal body is presumed to be the paternal contribution to an active MTOC in the egg (Riparbelli et al., 1997) . The MTOC allows the nucleation of the microtubules of the sperm aster, required for pronuclear migration. We showed that these early steps of sperm activation occurred normally in ssm 185b eggs. In contrast to wild-type, in all ssm 185b eggs checked at the pronuclear apposition stage, the sperm nucleus adopted a spherical shape of about 3 m in diameter and containing condensed chromatin. Thus, at this level of observation, the ssm 185b mutation is 100% penetrant. The shape and size of the male pronucleus indicate that a partial chromatin decondensation occurs. However, this process is very limited since, at the pronuclear apposition stage, the male pronucleus reaches a diameter which is only a fourth of the diameter of its female counterpart.
The sperm nuclear envelope breakdown (NEB) is considered a prerequisite to male pronuclear formation in a variety of species (Poccia and Collas, 1997) . Eggs from the gynogenetic carp Carassius auratus langsdorfii do not allow sperm NEB when they are fertilized by sperm from another subspecies and, consequently, the male complement does not contribute to the zygote (Yamashita et al., 1990) . In this case, even though the sperm nuclear envelope persists, a partial swelling of the sperm chromatin is observed. This natural impedance of sperm NEB in this species demonstrates that the process of sperm NEB is regulated by maternal factors (Yamashita et al., 1990) . In Drosophila ssm 185b eggs, the premature arrest of sperm chromatin decondensation is unlikely to be explained by the persistence of the sperm nuclear envelope around the paternal chromatin. Indeed, we have shown that a nuclear lamina forms around the male pronucleus in ssm eggs, a structure absent from the sperm nuclear envelope. Also, in some cases, the sperm nucleus in ssm 185b eggs is deformed, probably by interactions with microtubules, a situation not expected for a sperm nucleus surrounded by a nonfenestrated nuclear envelope.
The formation of a new nuclear envelope with pores and a lamina is a crucial step in male pronucleus formation. This structure is necessary for the completion of sperm chromatin decondensation and for DNA replication (Poccia and Collas, 1996; Wright, 1999) . Newport et al. (1990) proposed a model of nuclear envelope assembly in Xenopus eggs by which the nuclear lamina is incorporated only after the encapsulation of the sperm chromatin within a structure made of fused membrane vesicles and nuclear pores. If this model is of general relevance, we can postulate that the presence of a lamina around the sperm chromatin in the ssm mutant context is indicative of the formation of a complete pronuclear envelope. The staining intensity of the male pronuclear lamina is weak compared to that observed around the female pronucleus. Our observation is reminiscent of those made by Raff and Glover (1988) , who used aphidicolin to block DNA replication in early Drosophila embryos. In treated embryos, the variable degree of chromatin condensation of nuclei correlated with the state of the nuclear lamina: the decondensed interphasic nuclei were surrounded by a bright annular lamin staining, whereas the staining of nuclei with condensed chromatin was weaker and more diffuse. Thus, the weaker lamin Dm 0 or Ya staining of the male pronucleus in ssm 185b eggs may correlate with the presence of condensed chromatin. We observed that all male pronuclei are refractory to normal division even though they form a nuclear envelope. The nuclear lamina appears to be a conserved structure between the male and the female pronuclei. For example, mutations in the gene coding the Ya protein affect both pronuclei (Lin and Wolfner, 1991) . Therefore, we do not expect a specific defect in the male pronuclear envelope or lamina to account for the ssm 185b phenotype. We cannot rule out, however, a nuclear envelope defect that would not be detectable with the antibodies we used. By the second nuclear cycle, a lamina is hardly detectable around the abnormal male pronucleus. This suggests that the NEB of the male pronuclear envelope does occur.
Some ssm 185b embryos contained a male pronucleus able to interact with microtubules or to even enter the first mitotic spindle. The interaction with microtubules was most often observed in situations in which free centrosomes were available, like in the KLP3A 1611 ssm 185b mutant context. It suggests that the maturation arrest of the male pronucleus does not prevent the recognition of the sperm chromatin by the astral microtubules, at least in a fraction of the affected male pronuclei. In the rare cases in which the male pronucleus participates in the first division, we observed the formation of a chromosome bridge. This shows that even if it is incorporated into the spindle, the paternal chromatin is not able to divide properly. The fragmented chromatin is randomly segregated at the first division and must lead to a few aneuploid nuclear divisions and early developmental arrest of the embryo, similar to the situation described for the K81 phenotype (Yasuda et al., 1995) . This situation probably accounts for the early arrest phenotypic class of ssm 185b embryos reported in Table 2 which is significantly higher than in control embryos.
Function of the ssm ؉ Gene Product
The only phenotype associated with the ssm 185b mutation is the inability of the eggs laid by mutant females to form a male pronucleus. The resulting haploid development of ssm 185b embryos is responsible for the observed embryonic lethality. Thus, the sé same ϩ function is probably required only at fertilization, even if we cannot totally exclude another role later during the development. We expect the ssm gene to be expressed in the female germ line and the gene product deposited in the oocyte during oogenesis.
The main alteration of the male pronucleus in the ssm 185b mutant context lies in its inability to fully decondense its chromatin. The current model for sperm chromatin decondensation involves an initial dispersion of the highly condensed chromatin followed by a membrane-dependent nuclear swelling (Cothren and Poccia, 1993; Poccia and Collas, 1996; Wright, 1999) . The first step includes the replacement of the sperm-specific histones or protamines by maternally provided histones. In Xenopus eggs, nucleoplasmin, a molecular chaperone, functions in facilitating the protamine/histone exchange and in reassembling nucleosomes on the decondensing chromatin (Philpott et al., 1991; Philpott and Leno, 1992) . Nucleoplasmin is necessary and sufficient for the initial stage of sperm chromatin decondensation in vitro (Philpott et al., 1991) . In Drosophila, the factors CRP1 (P22) (Crevel et al., 1997; Kawasaki et al., 1994) and CRP2 (DF31) (Crevel and Cotterill, 1995) are functionally related to nucleoplasmin and able to decondense demembranated Xenopus sperm in vitro. Their function in vivo remains unclear but these nuclear factors are present throughout development, suggesting that their role is not specific (if ever implicated) in sperm chromatin decondensation, a feature that is not expected for the sé same ϩ function. Phenotypic data clearly show that the initial sperm chromatin decondensation occurs in the ssm mutant context. However, we cannot exclude the possibility that the ssm 185b mutation affects this step in a way that could prevent any further swelling of the sperm chromatin, even after the formation of the pronuclear envelope. A similar situation was recently described in the zygote of the sea urchin Tetrapygus niger with the identification of a cysteine protease responsible for the specific degradation of sperm histones (Imschenetzky et al., 1997) . Incubating eggs with an inhibitor of this protease affects the last step of male pronucleus formation and not the initial decondensation. This represents an example of a maternally provided molecule involved in sperm chromatin remodeling in vivo. Even if the question of sperm histone degradation is poorly understood in Drosophila, the existence of a similar requirement in insects should be considered. In this case, sé same is a candidate gene for such a function.
The epistatic relationship of sé same 185b over ms(3)K81 was clearly demonstrated in this report. This shows that each mutation affects a distinct step of male pronucleus formation. ssm 185b induces a clear arrest of this process, whereas K81 only perturbs the division of the paternal chromatin. In this respect, and in addition to the sperm chromatin decondensation itself which is clearly not achieved in ssm eggs, the status of chromatin remodeling, DNA replication, chromosome individualization, and condensation in the affected male pronucleus is an important question that will be investigated in another study.
Additional mutant alleles of sé same, and notably weaker alleles, will be useful to confirm the present genetic analysis and to better understand the function of the ssm ϩ gene product. We hope that the identification of the ssm gene will bring new molecular insights into the understanding of the mechanisms underlying the transformation of the sperm chromatin at fertilization.
